ABSTRACT: This cross-sectional study examined the relationship of flat feet with knee pain, disability, and physical performance in patients with knee osteoarthritis (OA). Orthopedic clinic participants (n ¼ 95; age 61-91 years; 68.4% women) with KellgrenLawrence (K/L) grade !1 in the medial compartment underwent evaluation of navicular height and foot length for flat feet. Knee pain intensity, disability, and physical performance were evaluated using the Japanese Knee Osteoarthritis Measure, 10-m walk, timed up and go, and five-repetition chair stand tests. Of the 95 enrolled patients, 24 (25.3%) had bilateral flat feet, and significantly higher knee pain compared to patients with no flat feet (11.3 AE 8.23 points vs. 6.58 AE 6.37 points; p ¼ 0.043). A ordinal logistic regression analysis showed that bilateral flat feet were significantly associated with increased knee pain (proportional odds ratio: 5.48, 95% confidence interval: 1.96, 15.3; p ¼ 0.001) compared with no flat feet, adjusted for age, sex, body mass index, and tibiofemoral joint K/L grade, which is consistent across various different cutoffs of the definition of flat feet. Physical performance was similar between patients with and without bilateral flat feet. The presence of unilateral flat feet was not significantly associated with any outcome measures. These findings indicate that bilateral, but not unilateral, flat feet are associated with worse knee pain. A prospective study investigating a causal relationship between bilateral flat feet posture and knee pain as well as disability would be of particular interest to verify the potential adverse effect of altered foot posture. ß
Knee osteoarthritis (OA) is the most common type of arthritis and is the leading cause of knee pain and disability. 1, 2 The impact of knee OA on disability has increased over the last two decades. 3 Effective and financially viable treatments are required to reduce the impact of symptomatic knee OA. Although previous research has mainly focused on the local knee alignment, 4 ,5 the foot also plays an important role in knee OA. 6 While walking, the foot and knee are biomechanically linked within a closed kinetic chain, 7, 8 and foot position and motion may influence the knee load. 9 In fact, interventions using foot orthoses that aim to reduce knee loading and knee pain have been reported, 10, 11 and more are emerging. 12, 13 People with knee OA are known to possess a more pronate foot type compared to asymptomatic agematched controls. 6, 14, 15 Importantly, Gross et al. showed that the condition of flat feet is associated with more frequent knee pain and medial cartilage damage in the elderly. 16 Furthermore, Guler et al. showed that coexisting foot deformities, including flat feet, increase the disability level in women with knee OA. 17 These studies revealed a link between flat feet and knee OA. However, many previous studies only explored associations between the foot and the knee of the same limb, with little consideration of the bilateral effects of altered foot morphology. Knee pain and disability related to OA are expected, whether the condition of flat feet is unilateral or bilateral. Patients with unilateral flat feet can compensate with the other, normal side to complete functional tasks, such as walking, knee bending, and sit-to-stand. Thus, patients with bilateral flat feet may be more likely to experience knee pain and disability compared with those with unilateral or no flat feet. However, we are not aware of any study that has investigated the effect of bilateral flat feet effect on OA-related knee pain, disability, and functional performance.
In this cross-sectional study, we examined the relationship of flat feet with knee pain, disability, and physical performance in patients with knee OA. We hypothesized that a bilateral flat feet deformity is independently associated with worse knee pain, increased disability, and lower physical performance compared with unilateral flat feet or no flat feet. This knowledge would be helpful in understanding the relationship of flat feet morphology with OA-driven knee pain and disability, and to set the foundation for a prospective cohort study with the aim of establishing better intervention strategies, such as arch supports or foot orthoses, to reduce the adverse effects of symptomatic knee OA.
METHODS
Patients admitted to a community orthopedic clinic in Hiroshima, Japan, in January 2015, were included in this cross-sectional study. The inclusion criteria were age !50 years, knees with K/L 18 grade !1 in one or both knees as evaluated using weight-bearing anteroposterior radiographs, and an ability to walk independently on a flat surface without any ambulatory assistive device. Since pre-radiographically defined knee OA, particularly K/L grade 1, predicts radiographic OA progression to at least Grade 2, 19, 20 we included patients with K/L grades !1. Patients with bilateral knee OA were not considered separately from unilateral cases. The exclusion criteria were a history of knee surgery, inflammatory arthritis, periarticular fracture, and presence of neurological problems. Approval was obtained from the ethical committee of Kyoto University (approval number: E1923). Written informed consent was obtained from all participants.
Measurements of Flat Feet, Knee Pain, Disability, and Functional Parameters Navicular height and foot length in both limbs were measured using a three-dimensional footprint automatic measurement apparatus (CUTE, JMS-2100CU, Dream GP Inc., Osaka, Japan; Fig. 1A ). This foot scanning system is based on laser line triangulation, where the measuring head moves around a single foot in an oval shaped trajectory. 21 The laser scanner rotates around the patient's foot and measures more than 30,000 points, including the ankle, instep, heel, toes, as well as the sole, thereby precisely re-creating the patient's foot shape. This scanning system has a high accuracy for the measurement of foot posture. The measurement error of foot length was À0.27 to 0.36 mm (accuracy: within AE 0.2%) and that of foot width was 0.51-1.22 mm (accuracy: within AE 0.5%). 21 Before each capture session, the patients stood as straight as possible with little movement of the bare foot with 50% body weight on each foot. Black round seal markers were attached onto the navicular tuberosity, which was defined as the most prominent bony portion of the navicular. These marker attachments in all patients were performed by experienced prosthetist and orthotist clinician (HO) who had >15 years of clinical experience in the orthopaedic field. The measurement procedure consisted of consecutive right and left foot scanning, with each lasting approximately 13 s. After the measurement of steps, navicular height and foot length were automatically calculated by the system. In this automatic calculation system, foot length was defined as the distance from the most posterior portion of the calcaneus to the end of the second toe to exclude the effects of hallux deformities (Fig. 1B) . Navicular height was defined as the distance from floor to the navicular tuberosity (Fig. 1C) . The condition of flat feet was defined as the navicular height divided by foot length (navicular height/foot length) being 12%. This normalized value was used to account for individual variability in apparent arch structure that are caused by differences in foot length, and the normalized value of navicular height by foot length is more reliable and valid than are absolute values. 22 This cutoff value corresponds to the lower tertile of the navicular height/ foot length per person (randomly selected 95 feet from 95 patients, which considers bias produced by similarities between the right and left legs of the same patients 23 ) in this study.
Knee pain and disability were evaluated using a subcategory of the Japanese Knee Osteoarthritis Measure (JKOM). 24 The JKOM is a patient-based, self-answered evaluation scoring system that assesses "pain and stiffness" (8 questions, 0-32 points), "activities of daily living" (10 questions, 0-40 points), "participation in social activities" (5 questions, 0-20 points), and "general health conditions" (2 questions, 0-8 points), with a maximum score of 100 points in a person-specific assessment. The JKOM "pain and stiffness" scale relies on knee pain experienced during daily activities such as stair use, knee bending, standing up from sitting, and walking. The JKOM subcategory of "activities of daily living" assesses daily activities such as stair use, bending, standing up from sitting, walking, shopping, removing socks, and light and heavy household duties. For each subscale, higher scores indicate a worse condition (response: 0-4 points; 0 indicates no pain or difficulty and 4 represents extreme pain or difficulty). The concurrent 24 Three functional test measurements were recorded for each patient: Gait velocity, 5-repetition chair stand (5CS) test, and the timed up and go (TUG) test. Patients were instructed to walk 10 m at a comfortable speed. We measured the time required to walk 10 m with a stopwatch, and calculated gait velocity (m/s). The 5CS test, measuring the time required for five repetitions of rising from a chair and sitting down as fast as possible, was also evaluated. In addition, the TUG test, a simple, common, and reliable test for clinical use in individuals with or at risk of developing knee OA, was performed. 25 Patients were instructed to rise from a chair, walk 3 m, turn around, return, and sit down as fast as possible. The time was measured using a stopwatch. The TUG and 5CS tests were chosen because of the likelihood and ease of clinician use. 26 
Measurement of Covariates
Data on age, sex, and height were self-reported by the patients. Weight was measured on a scale, with the participants wearing their clothes and without their shoes. Body mass index (BMI) was calculated by dividing the weight by the square of height.
The index knee was defined as the more painful knee in the present or past. If patients felt that their knees were equally painful, the index knee was randomly selected using computer-generated block randomization. 27 Radiographic OA severity of the index knee in each patient was assessed in the anteroposterior short view, in the weight-bearing position by an experienced examiner (HI), using the original version of the K/L grading system. 18, 28 Specifically, the K/L grade was scored as follows: 0 ¼ normal; 1 ¼ doubtful joint space narrowing (JSN) and possible osteophyte; 2 ¼ definite osteophyte and possible JSN; 3 ¼ multiple osteophyte, definite JSN and some sclerosis, and possible deformity of bone ends; 4 ¼ large osteophyte, marked JSN, severe sclerosis, and definite deformity of bone ends. The anatomical axis angle (AAA) was also evaluated from an anteroposterior radiograph by a trained examiner, subtracting a sex-specific correction factor of 3.5˚for females and 6.4˚for males. 29 The "corrected" values are provided throughout the manuscript. The intrarater agreements were excellent for the K/L grade (k: 0.88, 95% confidence interval [CI]: 0.83, 0.92) and AAA (intraclass correlation coefficient: 0.98, 95% CI: 0.98, 0.99) determinations. Bilateral knee pain was assessed using a questionnaire. Patients were asked the following questions regarding knee pain during the last few days: "In which knee do you have pain? Right? Left? Both?" Patients who answered "both" to this question were defined as having bilateral knee pain.
Statistical Analysis
The sample size was not estimated before conducting the study. The number of eligible patients attending the clinics during the study period was determined as the sample size. Patients were first categorized into two groups, with (i.e., one or both limbs) or without flat feet. Next, patients with flat feet were further divided into two groups, bilateral flat feet or unilateral flat feet. Demographic characteristics and OA severity were compared between patients with and without each category of flat feet. Univariate analyses were performed using Student's t-test or analysis of variance with a subsequent post hoc Tukey-Kramer test for parametric continuous variables, the Mann-Whitney U-test, or KruskalWallis test with a subsequent post hoc Steel-Dwass test for nonparametric continuous variables, and the chi-squared/ Fisher's exact test for dichotomous/categorical variables with subsequent post hoc pairwise comparisons using the Bonferroni correction. The normality of continuous variables was assessed with the Shapiro-Wilk test. The homogeneity of the variances between groups for all parametric continuous variables was confirmed using the Levene's test. Descriptive statistics were calculated as means and standard deviations (SD) for continuous variables, and as proportions for dichotomous/categorical variables.
We performed an ordinal logistic regression analysis with the JKOM subcategories "pain and stiffness," "activities of daily living," free/fast gait velocity, TUG, and 5CS as dependent variables and any flat feet (no flat feet vs. any flat feet), bilateral flat feet (no flat feet vs. bilateral flat feet or unilateral flat feet vs. bilateral flat feet), or unilateral flat feet (no flat feet vs. unilateral flat feet) as independent variables. Ordinal logistic regression analysis is a popular model for ordinal categorical outcome variables, which also works well for skewed continuous outcome variables using ranks of data. 30 In the ordinal logistic regression models, each outcome measure was categorized into four groups by quartiles: <25th percentile, 25-50th percentile, 50-75th percentile, !75 percentile, and treated as ordinal variables (1-4; 1 [<25th percentile] indicates mild pain or higher function and 4 [!75 percentile] indicates severe pain or lower function). Results were presented as proportional odds ratios (ORs) with 95% CI after being adjusted for age (continuous), sex (0: male, 1: female), BMI (continuous), and index knee tibiofemoral joint K/L grade (continuous). These covariates were chosen because they may be associated with flat feet, knee pain, disability, and functional performance in this population. 2, 16, 31, 32 Since there is still no validated cutoff of navicular height/ foot length as an index of flat feet, sensitivity analyses were performed to address the possibility that the definition of flat feet affects the relationship of the presence of flat feet and knee pain, disability, and functional performance. In these analyses, alternate cutoff points of navicular height and foot length were used, and the ordinal logistic regression analyses mentioned earlier were replicated. All data analyses were performed using the JMP 11 (SAS Institute, Cary, NC) or R (R Foundation for Statistical Computing, Vienna, Austria). Any p values <0.05 were considered statistically significant.
RESULTS
In total, 102 patients were initially enrolled; however, seven patients were excluded because of invalid data (Fig. 2) . Thus, our sample consisted of 95 patients (age 61-91 years; 68.4% female). Of the 95 patients, 47 (49.5%) had any flat feet and, of those, 24 (25.3%) and 23 (24.2%) had bilateral and unilateral flat feet, respectively. Of the 95 patients, three (3.2%) exhibited lateral OA (i.e., isolated lateral OA or coexisting medial and lateral OA but with lateral OA being more severe than medial OA). no flat feet (78.7% vs. 58.3%; p ¼ 0.047), although the other demographic characteristics, including OA severity, and corrected AAA did not significantly differ between the two groups. Differences in JKOM pain and stiffness between the two groups was on the border of significance (9.32 AE 7.89 points vs. 6.58 AE 6.37 points; p ¼ 0.089). The proportion of the presence of bilateral knee pain, JKOM activities of daily living, and three functional measurements were not significantly different between the two groups. Patients with bilateral flat feet were significantly more likely to be female compared with patients with no flat feet (87.5% vs. 58.3%; p ¼ 0.016). Bilaterally flat feet patients had significantly higher scores of both JKOM pain and stiffness (11.3 AE 8.23 points vs. 6.58 AE 6.37 points; p ¼ 0.043), and JKOM total scores (30.4 AE 21.8 points vs. 18.5 AE 14.0 points; p ¼ 0.039) than did patients with no flat feet.
Supplementary Table S1 summarizes quantiles in the JKOM score and functional measures. As shown in Table 2 , bilateral flat feet (vs. no flat feet) was significantly associated with higher odds of a greater quantile (i.e., severe knee pain or lower function) in JKOM pain and stiffness (proportional OR: 5.48, 95% CI: 1.96, 15.3; p ¼ 0.001) and in JKOM activities of daily living (proportional OR: 2.79, 95% CI: 1.05, 7.44; p ¼ 0.040) after adjusting for age, sex, BMI, and index knee K/L grade. Bilateral flat feet (vs. unilateral flat feet) was also significantly associated with higher odds of a greater quantile in the JKOM pain and stiffness (proportional OR: 5.00, 95% CI: 1.44, 17.5; p ¼ 0.011). However, any (vs. no flat feet) and unilateral flat feet (vs. no flat feet) were not significantly associated with any outcome variables.
To address the possibility that the relationship of flat feet and outcome variables was changed with different cutoffs of the flat feet definition, we performed a sensitivity analysis using cutoffs between 11.0% and 13.0%, with 0.5% increments (Table 3) . Using any of these definitions, there was a significant difference between the bilateral flat feet (vs. no flat feet) and JKOM pain and stiffness, although JKOM activities of daily living were not significantly different at any cutoffs. Bilateral flat feet deformity (vs. unilateral flat feet) was also significantly associated with higher odds of a greater quantile in JKOM pain and stiffness when using an 11.5% cutoff. Any (vs. no flat feet) and unilateral flat feet (vs. no flat feet) were not significantly associated with any outcome measures at any cutoffs. The presence of any, bilateral, or unilateral feet was not significantly associated with the three functional measurements when using any of the cutoff values (data not shown).
DISCUSSION
The current study revealed that the presence of bilateral flat feet, but not unilateral flat feet, was significantly associated with worse OA-related knee pain and disability, after adjusting for possible confounders. Sensitivity analysis showed similar relationships of bilateral flat feet with knee pain when using different cutoffs for the definition of flat feet, thereby indicating a robust adverse effect of bilateral flat feet on knee pain. However, no significant associations were found between flat feet and the three functional measurements.
People with knee OA are known to possess a more pronate foot type, using foot posture index, arch index, and rear foot angles. 6, 14, 15 Indeed, navicular height/ foot length in this study is much lower than in healthy elderly, 33 and we found higher prevalence rates of flat feet (49.5%) in one or both limbs in patients with knee OA. It is unknown whether the condition of flat feet causes knee pain. Accumulated evidence suggests the existence of biomechanical links between the foot and tibia, 7, 8 wherein alterations in foot posture in a pronated direction in patients with knee OA may be the result of a compensatory response to the varus alignment, thereby allowing the foot to be plantigrade during weight bearing. 34, 35 However, OA severity and frontal plane alignment were similar in patients with or without flat feet, which is contrary to the theory that structural changes and varus alignment lead to knee pain and subsequent flat feet as a compensatory posture. It should be noted that between-group mean differences (bilateral flat feet vs. no and unilateral flat feet) correspond to a minimal, yet clinically important difference (i.e., an absolute change of !10% for JKOM pain and stiffness [!3.2 points] and activities of daily living [!4.0 points]). 36 This suggests that the effect of bilateral flat feet on knee pain and disability may FLAT FEET AND KNEE PAIN result in a clinically significant impact, though the difference in disability did not reach statistical significance due to the small sample size. This may be important, given that while symptomatic knee OA already results in knee pain and disability, 1,2 the coexistence of bilateral flat feet may further aggravate these symptoms. We noticed that our findings from this cross-sectional study did not necessarily highlight clinicians' evaluation of foot posture in patients with knee OA. While the causal relationship between flat feet posture and OA-related knee pain and cartilage damage is yet to be established, an association has already been observed. 16 Investigating a causal relationship between flat feet and knee pain is warranted to clarify the potential adverse effects of flat feet, particularly bilateral flat feet.
The direct measurement of the highest point of the medial longitudinal arch in the sagittal plane is one of the simplest methods of providing the clinician with quantitative information regarding foot structure, which is moderately correlated with radiographic measurements that are used as the gold-standard for assessing skeletal alignment of the foot. 22, 37, 38 In this study, the navicular tuberosity was selected as a landmark of medial longitudinal arch height, since the navicular bone in usually the highest point of the medial longitudinal arch, and is thought to be a good representative point of the arch. In contrast, some Except where otherwise indicated, values are the mean AE standard deviation (SD). The index knee was defined as the more painful knee in the present or past as described in the Methods section.
b P values are calculated using the Student's t-test or analysis of variance (gait speed and five repetition chair stand), the Mann-Whitney U-test or Kruskal-Wallis test (age, body mass index, corrected anatomical axis angle, navicular height, navicular height/foot length, JKOM score, and timed up and go), the chi-squared/Fisher's exact test (sex, index knee K/L grade, and presence of bilateral knee pain).
c Significantly different from no flat feet group according to post hoc analysis of analysis of variance or Kruskal-Wallis test. previous studies have used the medial longitudinal arch as an indicator by measuring the height at 50% of foot length. 22, 39 However, the value of this measurement depends on the foot proportion and is not always indicative of the same anatomical point of the medial longitudinal arch. Therefore, this study used normalized navicular height by foot length as medial longitudinal arch assessment.
To our knowledge, the current study is the first to show that the presence of bilateral flat feet, but not unilateral flat feet, is associated with worse knee pain compared to no flat feet. Our findings indicate that patients with unilateral flat feet may be able to compensate with the non-flat feet lower limb when completing functional tasks in order to avoid aggravating knee pain. Notably, bilateral knee pain is known to be an important contributor to increased OA-related knee pain, deteriorated WOMAC physical function, as well as the chair stand rate. [40] [41] [42] However, the presence of bilateral knee pain is similar between patients with and without bilateral flat feet, which indicates that adverse effects of bilateral flat feet are independent of the presence of bilateral knee pain.
Interestingly, we found that the condition of bilateral flat feet was not significantly associated with gait speed, or the times on the 5CS and TUG tests, thereby indicating a low predictive value of flat feet for functional measurements. Guler et al. showed that presence of foot deformity is associated with WOMAC physical function 17 ; however, the relationship between flat feet and performance-based physical function have not been elucidated in patients with knee OA. In young participants, it has been shown that the presence of flat feet did not affect gait speed. 43, 44 Our findings may indicate that flat feet posture has few adverse effects on performance-based physical function in patients with knee OA. They further demonstrated that there is a discrepancy in flat feet effects between performance-based and self-reported physical function. Self-reported physical function is more affected by knee pain intensity than performance-based physical function. 45 We confirmed that the JKOM pain and stiffness score is moderately correlated with that of JKOM activities of daily living. Meanwhile, we observed only a weak correlation between the JKOM parameters and performance-based physical function (data not shown). Nevertheless, given the adverse effects of flat feet on knee pain, and self-reported physical function, 16, 17 the condition of flat feet may result in the avoidance of activities due to knee pain, thereby resulting in muscle weakness that may accelerate performance-based physical function decline. 46 A prospective study following the progression of performance-based function decline in patients with bilateral flat feet would help address this question.
There are some limitations to our study. First, it is important to acknowledge that the cross-sectional nature of our study limits the ability to determine a cause-response relationship between flat feet and OArelated knee pain, as discussed earlier. It is conceivable that structural changes such as medial JSN and frontal plane knee alignment result in worse knee pain and a compensatory response to allow the foot to be plantigrade, which in turn causes flat feet. 35 Nevertheless, K/L grade and frontal plane alignment were similar in patients, regardless of experiencing flat feet, which does not support the mechanism that knee OA leads to subsequent flat feet as a compensatory response. Second, low sample size in this study limited the ability to generalize our results to apply other populations and may lead to an underestimation of the impact of bilateral flat feet due to the lack of statistical power. Third, the current study did not evaluate foot pain, which is also an important limitation. Concurrent foot pain, particularly ipsilateral foot pain, affects knee pain, disability, and physical performance. We cannot preclude the possibility that flat feet-related foot pain may be attributed to the relationship between flat feet and knee pain. Further studies account for concurrent foot pain and other possible confounders, such as differences in lifestyle, occupation, primary shoes worn over time, range of motion, and non-surgical ligamentous injury to the knee or ankle, would be warranted in validating the negative effect of bilateral flat feet on knee pain. Fourth, this study evaluated only the navicular height/foot length as flat feet assessment. Navicular height/foot length lacks a validated cutoff value for predicting flat feet. Thus, the condition of flat feet was defined an approximately the lower tertile of navicular height/foot length in this study population. Given that this cut-off corresponds to approximately two standard deviations below the mean of healthy adults 22, 47 and adolescence, 48 which is often defined as the "normal limit" of several human physiological and anthropometric characteristics, 49 this cutoff may be convincing. Furthermore, the negative impact of bilateral flat feet on knee pain was similar when using different cutoffs for the definition of flat feet, which indicates the robust adverse effect of bilateral flat feet regardless of the cutoffs used of navicular height/ foot length. There is a need to accurately classify foot posture and define normal and potentially "abnormal" foot type by integrating available normative data, 50 which would clarify the effect of validated flat feet on knee pain and disability. Finally, we did not consider the effect of the contralateral (non-index) knee, particularly contralateral OA severity, on the outcome variables. Patients with bilateral knee OA were not considered separately from unilateral cases in this study. Bilateral knee OA is common in the Japanese population, accounting for 50% of knee OA with K/L grade !2.
2 Contralateral knee OA severity may contribute to person-specific assessments, [40] [41] [42] such as TUG and 5CS times, and JKOM score. However, the ipsilateral and contralateral sides are expected to exhibit similar OA severity. We found that the relationship of bilateral flat feet and OA-related knee pain is independent of index knee OA severity. Moreover, we confirmed that the presence of bilateral knee pain is similar between patients regardless if they are experiencing flat feet.
In conclusion, we found that the presence of bilateral flat feet, but not unilateral flat feet, was significantly associated with worse knee pain after being adjusted for possible confounders. A prospective study investigating a causal relationshipbetween bilateral flat feet posture and OArelated knee pain as well as disability would be of particular interest to verify the potential adverse effect of altered foot posture in this population.
